To further characterize the molecular mechanisms of platemembrane preparations and are shown to participate in 20 let function, we have sought to identify some of the proteins S complex formation. Syntaxin 1, 3, and 5 could not be dethat mediate the secretory events of the platelet release tected. Other known SNARE and SNARE-associated proteins reaction. We report that platelets contain the general elesuch as vesicle-associated membrane protein (VAMP)/syments of the membrane transport apparatus: N-ethylmaleinaptobrevin 2, SNAP-25, synaptophysin, or synaptotagmin mide sensitive fusion protein (NSF), p115/transcytosis-asso-I could not be immunochemically detected in platelet memciated protein (p115/TAP), and the soluble NSF attachment brane preparations. The presence of both the general transproteins (a-and, g-SNAP). The cDNAs encoding two of these port proteins (NSF and SNAPs) and specific transport proproteins, a-and g-SNAP, have been cloned from a human teins (syntaxin 2 and 4) indicates that platelet exocytosis platelet-derived cDNA library. Platelet membrane extracts uses a molecular mechanism similar to other secretory cells possess SNAP receptor (SNARE) activity, suggesting that such as neurons. However, the subcellular concentrations the class of proteins (SNAREs) proposed to provide the specof these proteins suggest that, unlike neuronal secretion, ificity for vesicle docking and membrane fusion are present granule-to plasma membrane docking may be the limiting in platelets. To identify these proteins, we have used specific step in platelet exocytosis. antibodies against known SNAREs to probe platelet ex-᭧ 1997 by The American Society of Hematology. tracts. Syntaxin 2 and 4 can be readily detected in platelet T Studies of secretion in mammalian systems and in yeast have led to the identification of a number of proteins that HE PLATELET'S ROLE is to sense vascular lesions or damage and to respond by secreting components that promote hemostasis and tissue repair. Initially, receptors appear to play a role in the docking and fusion of vesicles to their target membranes. 6-8 A model explaining this process on the platelet surface bind to elements, which are made accessible as the result of tissue damage, such as collagen, was first proposed by Söllner et al 9 and was termed the SNARE hypothesis. This model holds that there are memthrombin, and adenosine diphosphate (ADP).
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Studies of secretion in mammalian systems and in yeast have led to the identification of a number of proteins that HE PLATELET'S ROLE is to sense vascular lesions or damage and to respond by secreting components that promote hemostasis and tissue repair. Initially, receptors appear to play a role in the docking and fusion of vesicles to their target membranes. 6-8 A model explaining this process on the platelet surface bind to elements, which are made accessible as the result of tissue damage, such as collagen, was first proposed by Söllner et al 9 and was termed the SNARE hypothesis. This model holds that there are memthrombin, and adenosine diphosphate (ADP) . 1 In one model of platelet activation, 2-4 these stimuli trigger morphological brane proteins from the vesicle (v-SNAREs) and the target membrane (t-SNAREs) which, through their mutual recognichanges in the platelet resulting in the apparent movement of the secretory granules to the center of the cell and their tion, govern the specificity of vesicle targeting and docking.
Once the two classes of SNAREs bind to each other, they subsequent fusion with the surface connected canalicular system (SCCS).
1 These granule-plasma membrane (PM) fuform a complex (7 S docking complex) that recruits the general elements of the fusion apparatus (NSF and SNAPs) sion steps result in the release of platelet components critical to the formation of the hemostatic thrombus. Three types of to the site of membrane fusion, thereby forming the so-called 20 S fusion complex. 9,10 Although the exact mechanism for regulated targeting and fusion events occur in the activated platelet: dense core granules to PM, resulting in the release the final step of membrane fusion is yet to be determined, it is clear that adenosine triphosphate (ATP) hydrolysis by of small molecules such as ADP, serotonin, and calcium; agranule to PM, resulting in the release of proteins such as von N-ethylmaleimide sensitive fusion (NSF) is a critical step for disassembly of the 20 S complex and subsequent bilayer Willebrand's factor, thromboglobulin, and platelet derived growth factor; and lysosome to PM, resulting in the release fusion.
11
Several SNARE molecules have been identified from variof degradative lysosomal enzymes. 4, 5 Each of these secretion events must be tightly controlled to prevent inappropriate ous sources suggesting that there is sufficient diversity in these molecules to provide the specificity required for vesicrelease of hemostatic agents. The goal of this study is to begin to identify the molecular components that mediate the ular transport. 12 v-SNAREs, such as synaptobrevin 1 and 2 and cellubrevin, are small molecular weight (É20 kD), type membrane fusion events in activated platelets.
II integral membrane proteins, which contain a highly conserved central domain that is important for function. 13 Spe-SNARE binds to its cognate SNARE. 19 Specifically, syntaxin ing cells by centrifugation at 600g for 25 minutes at room tempera-1 has been shown to bind to a cytosolic protein, n-Sec1, ture. Platelets were then harvested from the supernatant by centrifuwhich in turn inhibits the t-SNARE's ability to bind to synap- 
cytosis.
Western blotting and quantification. Western blotting onto nitrocellulose was performed according to standard techniques 11 using 5% MATERIALS AND METHODS powdered milk in Tris-buffered saline and horseradish peroxidase conjugated to anti-Ig secondary antibodies (Sigma, St Louis, MO). Materials. Outdated platelets were procured as units from the SuperSignal Substrate (Pierce) was used to visualize the antigens Central Kentucky Blood Center (Lexington, KY). Platelet preparausing X-OMAT X-ray film (Eastman Kodak, Rochester, NY). For tions were routinely checked to insure that they were able to aggrethese experiments, bovine brain cytosol was used as a positive congate and secrete serotonin in response to thrombin (2 U/mL) stimulatrol for blotting conditions. The molecular weights of the bovine tion. HepG2 cells were kindly provided by Dr Daniel Noonan proteins serve as useful standards for the human proteins but the (Lexington, KY). relative amounts cannot be used for comparative analysis. Antibodies were generously provided as follows: anti-a-SNAP, Platelets were washed in buffer A to remove serum proteins before anti-g-SNAP, 25 32 blotted onto nitrocellulose, and probed with specific British Columbia, Vancouver, British Columbia, Canada), anti-p115/ polyclonal antiserum. The blots were developed using the SuperSig-TAP (7D1) 30 from Dr M.G. Waters (Princeton University, Princeton, nal system so as not to exceed the linear exposure range of the film. NJ). Anti-synaptophysin (SY 38) was purchased from Boehringer
The films were scanned with an Apple One Scanner (Apple ComMannheim Biochemica (Indianapolis, IN).
puter Inc, Brea, CA) and the digitized images were integrated using A platelet derived human cDNA library in the lZAP vector was the Scan Analysis software from BioSoft (Cambridge, UK). The constructed with the mRNA from freshly acquired platelets of a amount of the specific proteins in a defined number of human platethrombocytotic patient and was generously provided by Dr Gerald lets was determined by comparison to standard curves made with J. Roth (VA Medical Center, Seattle, WA) and Dr Si Lok (Zymogeknown amounts of recombinant proteins that were analyzed on the netics Inc, Seattle, WA). An additional cDNA library constructed same SDS-PAGE gel. Because the human proteins show such a high from mRNA of a megakaryocyte cell line (CMK), 31 Cloning of cDNA encoding a and g SNAP. Cloning of the cDNA encoding a-SNAP was performed by initially amplifying a region of the coding sequence using degenerate polymerase chain reaction (PCR) primers 5-GAYTAYTAYAARGGNGARG and 5-GCD-GCYTTRAARAARTARTC based on conserved regions of the known a-SNAP proteins from bovine, rat, squid, and Drosophila. The cDNA library from CMK cells was used as template. Once positive PCR products were generated and sequenced, they were used as templates for the generation of [
32 P]-labeled RNA riboprobes. 25 The nucleotide sequence of this human-megakaryocytederived PCR product was 91% identical to the bovine a-SNAP and 77% identical to the bovine b-SNAP. Bovine g-SNAP sequences were compared with a database of human expressed sequence tags (EST). 33 One clone from a melanocyte cDNA library, accession no. N39674 (I.M.A.G.E. Consortium cDNA Clones) showed a high degree of sequence identity (86%) to the bovine g-SNAP nucleotide sequence. This clone was purchased from Genome Systems Inc (St Louis, MO) and subjected to dideoxy sequencing (see Fig 3) . On completion of the sequencing of this EST, it was apparent that this clone contained the complete melanocyte, g-SNAP coding sequence. This clone was used to generate [
32 P]-labeled RNA riboprobes. 25 Standard protocols were used to screen the lZAP cDNA library and the resulting positive phagemids were rescued using the Exassist/ SOLR system (Stratagene, La Jolla, CA). The phagemid plasmids were then sequenced on both strands by dideoxy sequencing (USB/ Amersham, Cleveland, OH). The sequence for human platelet a-SNAP was deposited in Genbank accession no. U39412. The sequence for human platelet and human melanocyte g-SNAP were deposited in Genbank accession no. U78107. SNARE activity assay. SNARE activity assays were performed NJ) was then added to the reactions, and they were incubated for an additional 2 hours. The beads were then collected on glass fiber filters, and the bound [ NSF, have been shown to be expressed in other tissues 25, 35 Material not eluted was harvested by treatment of the beads with confirming the generality of the SNAPs and NSF. This also 200 mmol/L glycine/HCl pH 2.7, 0.5%(wt/vol) Triton X-100. All suggests a mechanistic similarity between platelet exocytosis eluted proteins were precipitated with 15% (wt/vol) trichloroacetic and other forms of regulated and constitutive secretion.
acid and analyzed by SDS-PAGE and western blotting.
p115/TAP was isolated based on its ability to mediate RESULTS intra-Golgi transport 36 and to support transcytosis in polarized epithelial cells. 37 reticulum and the Golgi apparatus.
38 p115/TAP is readily were not characterized by sequencing. Two of the clones appeared to be partial products that lacked the 5 end of the detectable in 50 mg of total platelet homogenates (Fig 1) .
Cloning of cDNA encoding human platelet a-and gcoding region. One clone, which was shorter than a-SNAP but contained the 5 and 3 sequences of a-SNAP, was se-SNAP. To further characterize the general proteins of the platelet fusion apparatus, we cloned a cDNA encoding aquenced and appeared to be the result of an in-frame deletion of 198 nucleotides (170 to 367) from the coding region ( Fig  SNAP from a platelet-derived cDNA library. The nucleotide and predicted amino acid sequence of one of the full-length 2). While this internally deleted clone could encode a protein product similar in sequence to a-SNAP, no truncated species clones is shown in 40 (60% identical), and squid 41 (67% identical) sug-N-terminal extension, it seems likely that the second methionine in the bovine open reading frame is the true start site. gests that a-SNAP is a highly conserved protein. This sequence conservation is consistent with the fact that a-SNAP When the sequence of g-SNAP was compared with the S. cerevisiae genome database, no homologues were detected, homologues from one species can participate in the vesicular transport processes of another divergent species. 41 This level suggesting that yeast do not contain a g-SNAP homologue. The closest match was to Sec17p, which has already been of conservation also appears to be true for NSF, 40 but interestingly does not apply to g-SNAP (see below).
shown to be the yeast a-SNAP homologue. 39 Likewise, when the sequence of g-SNAP was compared with the C. elegans The message for g-SNAP was much rarer in the platelet cDNA library. From the original 600,000 phage plaques database, the closest match was a protein that has previously been identified as a potential homologue of a-SNAP. 43 The screened with a melanocyte cDNA-based riboprobe, one positive clone was recovered. This clone appears to be the peptide sequence for g-SNAP is incredibly well conserved between human and bovine (95% identical), yet to date, we result of an incomplete splicing event at the 5 end of the coding region. When compared with the sequence of the have not been able to identify other g-SNAP homologues in the available databases. melanocyte EST clone (Fig 3) , the platelet clone's nucleotide sequence was 100% identical up to the 5-most 9 bases of SNARE activity in platelet extracts. Wilson et al 10 devised a functional assay to measure SNARE activity in deterthe coding region of the EST clone, but diverged greatly further 5 from that point. Because the 5 untranslated regent-solubilized membrane extracts. In this assay, the SNARE-dependent association of a-SNAP with NSF is meagions of the platelet and melanocyte clones are divergent and a splicing acceptor site is present at this site in the sured by determining the amount of radiolabeled a-SNAP that is coimmunoprecipitated with NSF. The resulting complatelet clone, it is possible that the platelet clone represents an incompletely spliced mRNA. PCR primers based on nuplex (SNAP/NSF/SNARE) has been called the ''20 S fusion complex'' and has been shown, using neuronal microsomes, cleotide sequence of the melanocyte cDNA were used to determine if the platelet cDNA library contained a comto contain both vesicle and target-membrane-derived SNAREs. 9 As shown in Fig 4, a-SNAP associates with NSF pletely processed g-SNAP cDNA. An appropriately sized PCR product was obtained when the platelet library was in a platelet-membrane extract-dependent manner (complete reaction). The association is competed for by an excess of used as template. This product was subjected to dideoxy sequencing and was shown to be identical to the sequence unlabeled a-SNAP (/ a-SNAP), but not by g-SNAP (/ g-SNAP ). As has been reported, 10 when ATP hydrolysis is derived from the melanocyte EST clone. From these data, it is concluded that the platelet cDNA library does contain a allowed by the addition of Mg 2/ (/MgCl 2 ), the association between NSF, a-SNAP, and the SNAREs is disrupted, and completely processed g-SNAP encoding cDNA, which is identical to the melanocyte EST clone.
the 20 S fusion complex is disassembled, resulting in release of the radiolabeled a-SNAP from the immunoprecipitated When the deduced amino acid sequences for the human g-SNAPs are compared with the bovine sequence, there is NSF. These data clearly indicate that platelet membranes contain SNARE activity as defined by Wilson et al 10 and a sequence difference in the putative amino termini. Two potential initiator ATGs exist in the open reading frame of that the platelet SNAREs are able to participate in ATPhydrolysis-dependent disassembly of the 20 S complex. the bovine cDNA. The 5-most ATG was originally proposed to be the initiator methionine, as neither ATG was in the Known t-SNARES that are present in platelets. Because  Fig 4 shows that platelet membranes contain SNARE activcontext of an optimal Kozak sequence. 25, 42 The two human sequences reported in this study contain only the second ity, the next series of experiments was designed to determine if any of the previously identified SNARE proteins are presmethionine in their open reading frame, but again the Kozak sequence is not optimal. 42 While the three (bovine and two ent in the platelet. Figure 5 shows the results of Western blots of total platelet homogenate (HPH) and detergent-soluhuman) amino acid sequences 3 (C-terminal) from this second methionine are almost identical (95%), there is no simibilized, salt-washed membranes (HPE) using antiserum to five members of the syntaxin family of t-SNAREs. Syntaxin larity when comparing the sequence 5 (N-terminal) from this second methionine. This pattern of sequence conserva-2 and 4 are detected in platelet membranes, but 1, 3, and 5 are not, although the antibodies to syntaxin 1, 3, and 5 readily tion suggests that the correct initiation methionine corresponds to the second methionine of the bovine open reading cross-react with human proteins (data not shown and syntaxin 5 control). Syntaxin 2 has been shown to be localized frame, not the first, as was originally thought. 25 Supporting this is the fact that the proteins detected in human platelets to the plasma membranes and to be expressed in numerous tissues suggesting that it could be involved in constitutive and in bovine brain are of similar apparent molecular weight by SDS-PAGE (Fig 1) . This would probably not be true if secretion. 15 Syntaxin 4, which has been localized to the plasma membrane, is expressed only in a distinct subset of the two proteins used different initiator methionines because the bovine brain protein would contain 16 more amino acids tissues: spleen, heart, skeletal muscle and kidney. 15 Syntaxin 4 is especially interesting as it has been implicated in the than the human platelet protein. 25 The recombinant bovine g-SNAP, made using the first (5-most/N-terminal-most) secretion of lysosomal enzymes from various hematopoetic cell types such as neutrophils. 44, 45 Given the low levels of methionine as initiator, migrates more slowly by SDS-PAGE (5 kD slower) indicating that the recombinant protein is the syntaxin proteins detected (see below), it is a formal possibility that the presence of syntaxin 2 and 4 in our samlarger than the authentic g-SNAP. 25 Unless the bovine brain form of g-SNAP is proteolytically processed to remove this ples is due to contaminating cell types. that could be contaminating our preparations, it would appear lower amounts of total cellular protein from neutrophils 45 and monocytes/macrophages. 46 Of the other possible conthat neutrophils are not present because we do not detect VAMP/synaptobrevin-2 (see below), and monocytes/macrotaminants, no nonplatelet cells were evident on microscopic examination of our preparations (see Materials and Methphages are not present because we do not detect syntaxin 3. In both cases, these proteins have been readily detected in ods).
AID Blood 0001 / 5h3b$$$$$1 07-15-97 13:17:11 blda WBS: Blood 29, 47 (and data not shown), we were unable to detect SNAP-25, VAMP/synaptobrevin 2, synaptophysin, or synaptotagmin I. Because the syntaxin proteins were detectable in 200 mg of platelet proteins and at least the SNAP-25 and VAMP/synaptobrevin 2 proteins would be expected to be present in similar amounts, it would seem that these proteins are not present in platelets The technique of Söllner et al 9 was used to determine if any of the known syntaxin molecules were present in platelets at quantities below our original detection limits in Fig  5 (Fig 6) . Using this method, it is possible to purify SNARE proteins from fairly large amounts of crude membrane extracts (3.8 mg) and, in effect, concentrate these proteins. 20 S fusion complex was first formed using recombinant NSFmyc and a-SNAP and detergent-solubilized platelet membrane proteins. The complexes were captured on protein G beads to which the anti-myc antibody, 9E10, had been covalently coupled. The complexes were washed in binding buffer and then incubated under ATP hydrolysis conditions to disassemble the 20 S fusion complex. The wash (ATPggS/ Mg Wash), material released by ATP hydrolysis (ATP/Mg Release), and immunobead-bound material (Beads) were then analyzed by Western blotting using the same antibodies as in Fig 5. Figure 6 shows that syntaxin 2 and 4 can participate in 20S fusion complex formation and that both proteins are released on ATP hydrolysis as is a-SNAP. Syntaxin 1, 3, and 5 were not detected in these experiments (data not shown), strongly suggesting that they are absent from the platelet preparations. As a control, when a-SNAP was not 
platelet membrane extracts. Because the formation of the 20 S complex represents a partial purification and concentration of SNAREs and the antibodies used can recognize human VAMP/synaptobrevin 2 (data not shown), these data strongly suggest that the VAMP/synaptobrevin 2 protein is not present in platelets.
Quantification of exocytosis machinery proteins in platelets. With the ultimate goal of determining the molecular mechanisms behind regulated exocytosis in platelets, we sought to measure the cellular concentrations of the proteins of the exocytosis machinery. Given that some of the binding constants for the various protein-protein interactions have been estimated, 34,52,53 it would seem possible that by determining the cellular concentrations of the machinery proteins, it might be possible to gain insight into what reactions are possible. To this end, we have attempted to determine the cellular concentrations of a-SNAP, g-SNAP, and NSF (see Table 1 ) and compare them with estimates of the concentrations of syntaxin 2 and 4. Quantitative Western blotting was used for these experiments, employing recombinant proteins as standards and polyclonal antiserum for detection. Due to the high amino acid sequence identities between the human and recombinant proteins (see Materials and Methods), it seems reasonable to expect that the specific polyclonal antiserum used would recognize the platelet and recombinant proteins equally. Understanding that there are limitations to this analysis, care was taken to assure that the measurements were as accurate as possible given the antibodies and recombinant proteins available. Alpha SNAP antibody used in this study would not recognize the granulophysin protein. 49 The lack of synaptotagmin poses a more interesting situation, as platelet exocytosis is thought, at least in part, to be controlled by increases in intracellular calcium levels. We have only tested for one of the 10 forms of synaptotagmin. 50 Therefore, our search is incomplete at this to play a role in secretion of lysosomal contents by hemato-* Molecular weights were calculated based on the amino acid sepoetic cells 44, 45 and glucose transporter mobilization in adiquences.
pocytes. 58 The two syntaxins, syntaxin 2 and 4, could be † The volume of a platelet taken from literature values was 9 fL. 54, 55 sufficient for platelet exocytosis; however, at this stage, we ‡ The calculated molecular weight for a homo-trimeric NSF of 82.6
do not know if other as-yet-uncharacterized syntaxins are 1 10 3 g/mol subunits.
present in platelets. Finally, by determining the subcellular § Represents the number of independent measurements made.
concentrations of these potential vesicular transport proteins, we can suggest a mechanistic model as to how platelet exocytosis might be regulated (see below). SNAP is present in platelets at lower amounts, 1.7 ng/10 7 Our data indicates that it is possible to use the neurocells, which converts into approximately 2,950 molecules secretory process as a conceptual framework in the study of per cell. This is consistent with the amount of NSF present platelet exocytosis. From the work on neuro-transmission, in platelets, 7.0 ng/10 7 cells, which converts to 1,700 moleone would expect that platelets should contain several cules per cell and suggests that the intracellular ratio of a-SNARE and SNARE-associated proteins that have not been SNAP to g-SNAP to NSF trimer is 3/1.7/1. Using 9 fL as detected in our experiments. Of special interest is the apparthe volume of a platelet, 54 ,55 the concentrations of the SNAPs ent lack of VAMP/synaptobrevin 2, which until this report, and NSF, are well above the kd that have been estimated for had usually been associated with syntaxin 4. 51 The fact that the SNAP-SNARE (14 nmol/L) 34 and NSF-SNAP-SNARE VAMP/synaptobrevin 2 was not found in the 20S complex (É60 pmol/L) 52 interactions. The low level of the syntaxin formed from 3.8 mg of platelet membrane proteins strongly 2 and 4 proteins in platelets have made accurate determinasuggests that it is not present in platelets. To add context to tion of their amounts per cell difficult. The concentrations this result, a novel synaptobrevin, recently cloned from a of syntaxin 2 and 4 were estimated to be at least two orders megakaryocyte-like cell line cDNA library, was readily deof magnitude lower on a molecule per cell basis than shown tected in a similar experiment using platelet membrane exfor SNAPs and NSF. We find this quite striking because tracts (Bernstein and Whiteheart, in preparation). It is quite syntaxin 1 in the brain appears, on a per protein basis, to be possible that other synaptobrevin-like molecules are yet to a fairly abundant membrane protein. 56 Syntaxin 2 and 4 also be identified. The absence of the t-SNARE, SNAP-25, is not appear to be fairly abundant in other cell types such as surprising due to its restricted tissue distribution. 59 However, monocytes/macrophages 46 and neutrophils, 45 requiring only platelets do express an homologous protein, 17 20 mg of total cellular protein to obtain a robust signal by which does have SNARE activity (Chen and Whiteheart, in Western blotting (as opposed to the 200 mg used in Fig 5) . preparation). As for the regulatory proteins, the absence of Additionally, it has been estimated that v-SNAREs, such as synaptophysin is partially explained by the presence of a synaptobrevin molecules, are present in micromolar amounts homologous molecule in dense core granules called granuloin the synaptosome. 57 The quantitative data presented are physin. 48 Syntaxin-regulating n-Sec1 proteins are present in consistent with the general proteins (SNAPs and NSF) of platelets and to date a cDNA clone encoding one distinct nthe exocytosis machinery being in excess relative to the Sec1 isoform has been isolated from the platelet cDNA licomponents (t-SNAREs) that are predicted to mediate the brary (Lemons and Whiteheart, unpublished) . The apparent specific steps of granule docking.
absence of synaptotagmin represents a more interesting case because platelet exocytosis is, in part, regulated by changes DISCUSSION in intracellular calcium concentrations. At this stage, we The goal of this work was to determine what proteins cannot make a definitive conclusion, as there are at least 10 could potentially play a role in platelet exocytosis. To this isoforms of synaptotagmin 50 and our search has only dealt end, we have shown that platelets contain some of the same with synaptotagmin 1. In summary, this data shows that proteins (a-SNAP, g-SNAP, p115/TAP, and NSF), which while platelet exocytosis may be mechanistically similar to are used in many vesicular transport processes in other cells neural transmission, the proteins used by the platelet and their modes of regulation may be quite different. types. 7 This data suggests that the molecular mechanisms AID Blood 0001 / 5h3b$$$$$1 07-15-97 13:17:11 blda WBS: Blood
